Introduction {#S5}
============

In adults, SARS-CoV-2 virus causes respiratory infections characterised by a markedly elevated fatality rate, similar to those observed during pandemic influenza outbreaks. Those at risk of severe disease or death include the elderly, certain ethnicities and those with underlying co-morbidities such as cardiovascular disease or obesity([@R1]). In contrast, there is a low rate of symptomatology associated with infection in children and a substantially lower risk of death([@R2]). Nevertheless, in recent weeks reports have appeared describing rare presentations of a novel multisystem inflammatory syndrome with overlapping features of Kawasaki disease and toxic shock syndrome in children (Paediatric Inflammatory Multisystem Syndrome temporally associated with SARS-CoV-2 pandemic (PIMS-TS)), associated with SARS-CoV-2 infection([@R3]). Diagnosis is complicated by the inconsistent detection of virus in these patients. Thus, PIMS-TS may be due to the virus or could be incidental to improved surveillance resulting from the pandemic.

Serological tests for anti-viral antibodies have not been useful to date in the immediate diagnosis of active COVID-19 infection, which relies on viral detection by PCR in conjunction with clinical presentation. This is largely due to the 7--14 day lag between infection and the development of specific antibodies. In primary infections, adaptive immunity develops with slower kinetics than on subsequent exposure. For antibody responses, IgM responses develop first, before eventually waning and IgG responses dominating thereafter. Thus, high levels of IgG in the absence of IgM are typically suggestive of infection weeks or even months previously.

Below, we present findings demonstrating that children with PIMS-TS, who are PCR-negative for SARS-CoV-2, can present with very high levels of IgG antibody to the virus.

Materials and Methods {#S6}
=====================

Ethics statement {#S7}
----------------

The patients' samples were either tested as part of routine diagnostics on in house COVID-19 antibody ELISAs run by the UKAS accredited Clinical Immunology Service at the University of Birmingham or used for assay development. The ethical approval for this work and the use of these samples was provided by the awarding bodies of the University of Birmingham Research Ethics Committee, the South Birmingham Research Ethics Committee and the National Research Ethics Service Committee West Midlands. All approvals are overseen by the United Kingdom National Health Service and this is therefore a NHS Health Research Authority approved study. All patients and/or their parents/legal guardians provided signed informed consent to inclusion of de-identified data in this report.

Patient cohort and samples {#S8}
--------------------------

We used a case definition consistent with Royal College of Paediatrics and Child Health guidelines and patients were identified based on fulfilling the case definition for PIMS-TS described in [Table 1](#T1){ref-type="table"}. All were admitted to hospital between 28^th^ April-8^th^ May 2020. Tests for SARS-CoV-2 infection by PCR gave negative results. All patients received standard supportive care that included empirical antibiotics, respiratory and cardiovascular support as indicated. Patients received intravenous immunoglobulin and/or steroids if they fulfilled either full or atypical Kawasaki disease criteria.

ELISA to SARS-CoV-2 spike glycoprotein {#S9}
--------------------------------------

Antibodies to near-full-length trimeric viral spike glycoprotein([@R4], [@R5]), were detected by ELISA. High-binding plates (Greiner Bio-One) were coated with spike glycoprotein (1 μg/ml) and blocked with with Stabilcoat solution (Sigma Aldrich) before test serum was added at 1:40 or 1:50 and diluted 5-fold down the plate. HRP-labelled mouse monoclonal anti-human IgG, IgA IgM, IgG~1--4~ secondary antibodies, generated at the University of Birmingham (available from Abingdon Health Ltd), were added individually or combined and HRP activity detected using TMB core (Bio-rad).

Results {#S10}
=======

Patient presentation {#S11}
--------------------

Eight patients, 5 (63%) male and median age 9 (range 7--14) years, fulfilled case definition for PIMS-TS and had SARS-CoV-2 serology tested. Patients were of mixed ethnicity. What was unusual was the clustering of cases and in light of recent reports, the potential that this was a SARS-CoV-2 presentation was considered. 7 patients had overlapping features of hyper-inflammation with either typical or atypical Kawasaki disease, and one patient had overlapping features of hyper-inflammation and toxic shock syndrome. All patients had fever and at least one gastrointestinal symptom (abdominal pain, vomiting and diarrhoea) and 75% had a rash. Hyperinflammation was supported by presence of fever and the median (IQR) CRP was 188 (136--255) mg/L and ferritin was 1325 (819--2121) μg/L in this cohort of children. 63% of patients had impaired myocardial function on echocardiography. 75% required admission to paediatric intensive care predominantly for cardiovascular support due to hypotension. All patients improved with supportive therapy that included immunomodulation with immunoglobulins and/or steroids and were discharged from PICU, remaining hospital inpatients.

Antibody detection to viral spike glycoprotein {#S12}
----------------------------------------------

Sera from these children were tested against viral spike glycoprotein, the major immunodominant antigen and compared to pre-2019 sera and plasma from adults with severe COVID-19 infections admitted to the intensive treatment unit (ITU). A screening test to detect IgG, IgA and IgM was performed at a single dilution of 1:40 of sample, which demonstrated that all children had antibody against the SARS-CoV-2 spike glycoprotein ([Fig. 1A](#F1){ref-type="fig"}). Since antibody isotypes can reflect recent infection (IgM), or more historic infections (IgG and IgA), we examined individual antibody isotypes. In children, IgM levels were similar to pre-2019 sera; in contrast, spike glycoprotein-specific IgM levels were high in adult ITU COVID-19 patients. ([Fig. 1B](#F1){ref-type="fig"}). IgA and IgG were more similar in children and adult COVID-19 patients. Assessment of IgG isotypes, which informs on the effector function of the antibodies, revealed IgG1 and IgG3 were the predominant isotypes present in these children and in adults ([Fig. 1C](#F1){ref-type="fig"}), with IgG2 and IgG4 similar to negative controls in all but one child, who had a weak IgG4 response (data not shown). Therefore, children with Kawasaki-like inflammatory syndrome who are negative by PCR can have high IgG1, IgG3 and IgA antibody levels to SARS-CoV-2 in the absence of maintained IgM levels.

Discussion {#S13}
==========

Recent anecdotal reports of a Kawasaki-like inflammatory syndrome, often without detection of SARS-CoV-2 virus, appear at odds with the relatively mild or asymptomatic presentation of SARS-CoV-2 infection in the vast majority of children([@R2], [@R6]). Testing for SARS-CoV-2 infection in eight hospitalised children presenting with PIMS-TS found significant levels of IgG and IgA to this virus despite no evidence of current infection by PCR. Although PCR detection of infection is an imperfect technique, it is the nearest to a gold standard for determining active infection([@R7]). Not detecting virus in any of these eight children is unlikely to be due to false-negative PCR results and more consistent with presentation after viral clearance. Compatible with this conclusion, all samples had low levels of specific IgM and high levels of IgG, indicating that infection may have occurred weeks or even months previously. As we report in a forthcoming manuscript, after testing hundreds of pre-pandemic control sera we have found minimal cross-reactivity of pre-pandemic sera with the spike glycoprotein, indicating our assay is highly specific for SARS-CoV-2 and that this virus is indeed the aetiological trigger.

The absence of current infection would suggest that symptomatology in these children relates to immune-mediated pathology. Immune-mediated disease has been suggested to contribute to disease severity in adult infections([@R8]). Associated with this is the detection of IgG1 and IgG3 in these children. These isotypes are associated with complement activation([@R9]), which has been shown to be enhanced in adult patients([@R10]), otherwise this could simply be a proxy for other immune activity. An alternative mechanism would be antibody-dependent enhancement (ADE) which has been reported with other coronaviruses([@R11]--[@R13]). This is a paradoxical phenomenon in which binding of non-neutralizing antibodies to a virus enhances entry into host cells, resulting in more severe disease in secondary infections, but this is unlikely in these PCR negative children. Other routes to immune-mediated damage may also be important in these individual cases. The SARS-CoV-2 specific antibodies could either induce a pathogenic response to a self-antigen through molecular mimicry or could simply be markers of a 'hit and run' virus induced inflammatory condition. This report does not explain the mechanism behind the antibody pattern but it is an important observation when considering potential complications post-vaccination and warrants further investigation.

In summary, PCR-negative patients can present with a severe inflammatory syndrome whose aetiology can only be determined through antibody testing. This is important, as until now, serology has not been useful diagnostically, only for epidemiology. This therefore offers a widening of the value of serology in the identification and understanding of infections caused by SARS-CoV-2. Indeed, since all patients were positive serologically, it may be worth considering amending the definition of PIMS-TS so that TS is not just "temporally associated with SARS-CoV-2 pandemic", but "triggered by SARS-CoV-2 infection".
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![Detection of anti-SARS-CoV-2 antibody responses in children with PIMS-TS.\
Serological responses were detected against purified near-full-length trimeric SARS-CoV-2 viral spike glycoprotein by ELISA. **A)** Absorbance values of individual sera at a single dilution (1:40) from pre-2019 healthy adult donors (green) or sera from children with PIMS-TS (red), or plasma from adult ITU patients (orange) detected using combined HRP-labelled anti-IgG, IgA and IgM. One symbol represents results for a single serum and the bar shows the median values for each group. **B)** Absorbance values for individual sera from pre-2019 negative control donors (green), children with PIMS-TS (red), or plasma from adult ITU patients (orange) serially diluted five-fold from 1:50, primary antibodies were detected using HRP-labelled anti-IgG, IgA or IgM individually, or **C)** HRP-labelled IgG1 or IgG3.](nihpp-2020.06.05.20123117-f0001){#F1}

###### 

Case definition for Paediatric Inflammatory Multisystem Syndrome temporally associated with SARS-CoV-2 pandemic

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Any child (16 years) presenting with 1 AND 2 AND 3 below**
  **1. Presenting with**
    • Persistent fever
    • Inflammation (neutrophilia, elevated CRP and lymphopaenia)
    • Evidence of single or multi-organ dysfunction (shock, cardiac, respiratory, renal, gastrointestinal or neurological disorder)
    • Additional features such as coagulopathy.
    • This may include children fulfilling full or partial criteria for Kawasaki disease
  **2. Exclusion of any other microbial cause** (waiting for results of these investigations should not delay seeking expert advice)
  **3. SARS-CoV-2 PCR testing may be positive or negative**
  Based on RCPCH guidance: [https://www.rcpch.ac.uk/sites/default/files/2020--05/COVID-19-Paediatric-multisystem-%20inflammatory%20syndrome-20200501.pdf](https://www.rcpch.ac.uk/sites/default/files/2020–05/COVID-19-Paediatric-multisystem-%20inflammatory%20syndrome-20200501.pdf)
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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